ABSTRACT Millimeter-wave (mm-Wave) MIMO systems have been proposed to achieve higher spectral efficiency via the hybrid beamforming structure, which consists of analog beamforming and digital beamforming. In analog beamforming, each antenna subarray generates a codebook-based directional beam, which determines the equivalent MIMO channel. Then, digital beamforming can be applied to fully exploit the spatial multiplexing gain of MIMO channels. In this paper, we propose a low-complexity analog beam selection scheme to achieve near-optimal spectral efficiency for the split hybrid beamforming system. The core of our scheme is the beam selection criterion, which is derived from capacity analysis. Furthermore, we propose a beam switching algorithm to ensure the robustness when blockage occurs. Through simulations under different channel conditions, the near-optimal performance of our scheme is demonstrated, and the beam switching algorithm is able to ensure robust network connectivity and achieve higher channel capacity when the blockage is relived.
I. INTRODUCTION
Recently, millimeter wave (mmWave) communications have attracted intense attention from academia, industry, and standards bodies [1] . There is enormous amount of spectrum in the mmWave band, such as the 28 GHz band, the 38 GHz band, the 60 GHz band, and the E-band (71-76 and 81-86 GHz). Multi-gigabit communication services such as high definition television (HDTV) and ultra-high definition video (UHDV) can be supported [2] . Besides, rapid progress in complementary metal-oxidesemiconductor (CMOS) radio frequency (RF) integrated circuits promotes the popularity of electronic products in the mmWave band [3] . Several standards have been defined for indoor wireless personal area networks (WPAN) or wireless local area networks (WLAN), such as IEEE 802.15.3c [4] and IEEE 802.11ad [5] . The standard for next generation ultra high data rate communications in the 60GHz band, IEEE802.11ay, is targeting at least one mode of operation capable of supporting a maximum throughput of at least 20 gigabits per second [6] .
Different from conventional communication systems in lower frequency bands, mmWave communications suffer from high propagation loss. Consequently, mmWave communications adopt directional antennas to achieve high antenna gain by the beamforming techniques [7] , [8] . To achieve higher data rate, hybrid beamforming has been adopted by IEEE802.11ay as an essential technique [9] , [10] . Digital Beamforming is able to adjust the amplitude and phase of signals. However, each antenna element should be equipped with the RF chain and Analog to Digital Converter (ADC) or Digital to Analog Converter (DAC), which has high cost and complexity, and is unacceptable for mmWave systems with large antenna arrays [11] . Codebook based analog beamforming only adjusts the phase of signals, which has low complexity [7] . Hybrid beamforming generates directional beams in the RF domain by analog beamforming, and the equivalent Multiple-Input Multiple-Output (MIMO) channel is constructed with multiple antenna subarrays at both transmitter and receiver. In the baseband, digital beamforming is applied to fully exploit the spatial multiplexing gain of MIMO systems. Thus, hybrid beamforming achieves higher transmission rate with acceptable cost and complexity.
There are already some works on hybrid beamforming in mmWave systems. The hybrid beamforming structure for indoor mmWave MIMO system is proposed in [9] , which evaluates the channel capacity and channel transmission rate of minimum mean square error (MMSE) receiver under different antenna array sizes. There are two kinds of hybrid beamforming structure for mmWave systems, called the split structure and the shared structure. In the split structure, each antenna subarray is connected to a group of phase shifters, and then connected to a RF chain. There are multiple subarrays at the transmitter and the receiver. In the shared structure, each RF chain is connected to all antenna elements as shown in [10] . In the shared structure, multiple phase shifters are summed up to drive each antenna element. Reference [11] investigates the problem of beam space selection for high rank transmission in a mmWave system. By properly constricting the search space, several methods that achieve nearly optimal performance with low complexity are proposed. In Ref. [10] , the spatial structure of mmWave channels is exploited to formulate the precoding/combining problem as a sparse reconstruction problem, and an algorithmic solution using orthogonal matching pursuit is presented. Dai et al. [12] and Gao et al. [13] proposed a successive interference cancelation (SIC)-based hybrid precoding scheme for the mmWave massive MIMO system under the sub-connected hybrid beamforming structure, which is also referred to as the split hybrid beamforming structure. The split hybrid beamforming structure has higher energy efficiency compared with the fully-connected architecture.
In this paper, we consider the split hybrid beamforming structure, and each antenna subarray generates a codebook based directional beam. We adopt the codebook in the standard of IEEE 802.15.3c, which has predefined beams and can reduce the complexity of analog phase shifters further. The generated beams by subarrays at the transmitter and receiver determine the equivalent MIMO channel. However, exhaustive search for the optimal transmit and receive beams in the codebook space has high complexity and high overhead. Focusing on the analog beam selection problem, we propose a low complexity and near-optimal analog beam selection scheme for the codebook based millimeter wave MIMO systems. Furthermore, due to weak diffraction ability, millimeter wave links may be blocked by obstacles like human bodies and furniture. Focusing on the blockage problem, we propose a beam switching scheme to ensure the robustness of mmWave MIMO systems. The contributions of this paper are four-fold and are summarized as follows.
• Considering the codebook based analog beam selection, we formulate the optimal analog beam selection problem.
• We propose a beam selection criterion via capacity analysis, and based on the criterion, a beam selection algorithm is developed.
• We propose a beam switching algorithm to ensure the robustness, where backup beam combinations are selected to substitute the original beam combination when blockage occurs. When blockage is relieved, the system switches back to the original beam combination.
• We evaluate the performance of our scheme in indoor millimeter wave MIMO systems. Near-optimal performance of the beam selection algorithm is demonstrated, and the superior performance of our beam switching algorithm compared with the beam tracking scheme in IEEE 802.11ad is also analyzed. The rest of this paper is organized as follows. Section II introduces the system model. Section III formulates the problem of optimal beam selection in millimeter wave MIMO systems. Section IV presents our low complexity and near-optimal beam selection scheme. Section V presents our proposed beam switching algorithm for antiblockage. Section VI gives the performance evaluation of our beam selection algorithm and bema switching algorithm. Section VII concludes this paper.
We use the following notion throughout this paper: A is a matrix, a is a vector, a is a scalar, A * is the conjugate transpose matrix of A, |a| is the modulus of a, and Tr(A) is the trace of A.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. HYBRID BEAMFORMING STRUCTURE
We consider a split hybrid beamforming system in the mmWave band, which is illustrated in Fig. 1 [14] .The transmitter equipped with N t antenna elements transmits N s data streams to the receiver with N r antenna elements. The transmitter has N RF t transceiver chains for transmission and reception, and the receiver has N RF r transceiver chains for transmission and reception.To achieve multiple data streams transmis-
In the system, we assume the channel matrix H ∈ C N r ×N t is known perfectly and instantaneously to both the transmitter and receiver [10] . In practical systems, channel state information (CSI) can be obtained via training at the receiver [7] , [15] , and the CSI can be shared with the transmitter via limited feedback [16] .
At the transmitter, transmitted RF signals are beamformed by the transmit antenna weight vectors. Similarly, the received RF signals are beamformed by the receive antenna weight vectors. In the system, we adopt the split hybrid beamforming structure, i.e., each transceiver chain is connected to an group of phase shifters and antenna elements (a subarray). The split hybrid beamforming structure is adopted in the standard of IEEE 802.11ay [6] . Each group of phase shifters and antenna elements (subarray) generates one beam based on a beamforming codebook. In the system, we assume the transmitter and receiver adopt the same codebook for analog beamforming. We denote the codebook by W ∈ C N ×K , where N is the number of antenna elements and K is the number of beams. The (m, k) element of W, W(m, k), denotes the weighted value of antenna element m when generating beam k. We denote the analog beamforming matrix at the transmitter by F RF , and at the receiver by W RF . With the j g th column vector of W, w j g , selected as the antenna weight vector for the gth antenna subarray at the transmitter, F RF can be represented as
where 
where
, 2, · · · , K } represent the beam indices for the antenna subarrays at the receiver. In the baseband, N s -stream data s is beamformed by the baseband precoder at the transmitter, F BB , and at the receiver, the baseband combiner, W BB , beamforms the received signal after W RF . Thus, the received signal y at the receiver can be calculated as
where n ∈ C N r ×1 is the vector of i.i.d CN (0, N 0 ) noise, and N 0 is the noise power. Viewed from the baseband, the equivalent MIMO channel can be obtained as
where h mn (i, j) is the channel gain between transmit antenna subarray n with beam j and receive antenna subarray m with beam i.
B. HUMAN BODY SHADOWING MODEL
We adopt the human body shadowing model in [17] , which uses a piecewise linear model to simulate the shadowing induced by human blockage. The signal attenuation in decibel consists of a linear increase period of slope r + , a constant level period L s , and a linear decrease period of slope r − . If a human blockage starts at time t 0 , the signal attenuation can be expressed as
where t B represents the duration of human blockage. Besides, we define t decay = L s /r + to indicate the duration from the start of blockage to a constant level. In Fig. 2 , we plot the signal attenuation by human blockage. 
III. PROBLEM FORMULATION
Through singular value decomposition (SVD) and waterfilling power allocation, we can obtain the channel capacity of the equivalent MIMO channel [9] . Concretely, H eff can be decomposed as
t is a diagonal matrix with nonnegative diagonal elements, and the diagonal elements 
whereñ ∈ C N s ×1 is the vector of i.i.d CN (0, N 0 ) noise due to the rotation invariance of complex white Gaussian noise. The channel can be decomposed into N s parallel subchannels of the form
where s i and y i are the ith element of s and y respectively. Therefore, we can obtain the channel capacity as
where P 1 , P 2 , · · · , P N s are the allocated power for each subchannel, and obey the waterfilling power allocation, i.e.,
where a + = max{0, a}, and µ is chosen such that
no power is allocated to the ith subchannel.
With
selected as the beams for the receiver and the transmitter, we denote the channel capacity as C(H eff (i 1 
). Then the optimal beam selection problem can be formulated as
Therefore, we can obtain the optimal solution of this problem by exhaustive search. The exhaustive search method computes the capacity under each combination of beams for transmitter and receiver, and finds the combination with the highest capacity. However, exhaustive search has the complexity of O K N RF r +N RF t . To calculate the capacity under different beam selection, K (N RF r +N RF t ) singular value decomposition is needed. To reduce overhead and complexity for analog beam selection, we need to design low complexity and near-optimal beam selection algorithm.
IV. BEAM SELECTION SCHEME
In this section, we present our low complexity and nearoptimal beam selection scheme. First, we propose the beam selection criterion. Then, we give the concrete beam selection algorithm.
A. BEAM SELECTION CRITERION
To achieve high data rate and fully exploit the spatial multiplexing gain of MIMO systems, hybrid beamforming system should operate in the high signal to noise ratio (SNR) regime. In high SNR regime, uniform power allocation is near-optimal [18] , and the channel capacity in (9)can be estimated as
. To maximize the capacity, the second term should be maximized since the first term is fixed. From Jensen's inequality, we know
and the condition for equality is that all σ i are equal. On the other hand, from matrix analysis theory, we can obtain
where h i,j is the (i, j) element of H eff . We also know the condition number is defined as
. Then we can obtain the conditions to achieve high capacity 1) well conditioned, i. e., smaller condition number; 2) larger i,j |h i,j | 2 . In typical indoor environment setting as in section VI, the first condition is usually satisfied in the split hybrid beamforming structure when there is enough spacing between subarrays at the transmitter or receiver, and the second condition is the key to achieve high capacity. Therefore, we define a beam selection criterion to select near-optimal beam combinations in advance.
B. BEAM SELECTION ALGORITHM
The beam selection algorithm is presented in Algorithm 1. In the initialization, the algorithm obtains the channel matrix H, which can be obtained via channel estimation techniques [15] . The algorithm first obtains the equivalent MIMO channel under different beam combinations from the channel matrix H and codebook, as shown in step 1) and step 2). In step 3), the algorithm calculates the sum of square of moduli of elements in the equivalent MIMO channel for each beam combination, as indicated by the beam selection criterion above. To further reduce complexity, we also investigate an alternative criterion, the sum of moduli of elements. In step 4), we select m candidate combinations which achieve the largest first m values for the criterion. Finally, the algorithm select the beam combination among the m candidates which achieves the highest capacity as the final beam selection for the transmitter and receiver. 
) under different beam combinations, as in (4); 3) Calculate the sum of square of moduli of elements in
, or the sum of moduli of elements.
) with the largest capacity as the final beam selection.
Compared with the exhaustive search method, the number of SVD can be reduced to m. Although the calculation of beam selection criterion in step 3) adds some complexity, its complexity is much lower than SVD. Thus, the complexity of our scheme is O(m). As we will show in the next section, a small value of m is enough to achieve near-optimal performance. Therefore, our scheme has much lower complexity compared with the exhaustive search method.
V. BEAM SWITCHING SCHEME FOR ANTI-BLOCKAGE
Since there are multiple RF chains in the hybrid beamforming structure, the beam switching scheme should be designed elaborately to overcome blockage effectively. For a pointto-point mmWave MIMO system, there are generally same number of RF chains at the transmitter and the receiver, and thus we assume N RF t = N RF r . We assume the full-rank effective channel matrix, and N RF t equivalent concurrent channels can be established. Without loss of generality, we assume the signal component between beam pair ( i 1 , j 1 ) at the transmitter and the receiver dominates the first concurrent channel of H eff . Similarly, the signal component between beam pair ( i 2 , j 2 ) dominates the second concurrent channel of H eff . In the same manner, the signal component between beam pair ( i N RF t , j N RF t ) contributes mostly to the N RF t th concurrent channel of H eff . Considering the human blockage process, multiple dominated transmission paths between the transmitter and the receiver may be blocked. Therefore, the beam switching scheme is more complicated than that for mmWave systems with only one RF chain at both the transmitter and the receiver [21] . Since NLOS transmissions suffer from higher attenuation than LOS transmissions, generally signal components from LOS paths dominate the equivalent concurrent channels of H eff . 
Algorithm 2 Beam Switching Algorithm
2 ). (5) Monitor the channel capacity, and when the channel capacity decrease to a certain extent, calculate the channel capacity for each backup beam combination. Obtain the backup beam combination with the largest capacity, and switch to this combination. Add the original beam combination into the backup beam combination set. When the blockage is relieved, switch back to the original combination.
In Algorithm 2, we give the beam switching algorithm to overcome blockage. In step (2), beams nearby the original selected beams are deleted since these beams may also be blocked. Then the algorithm selects the optimal beam combination for each pair of subarrays at the transmitter and receiver in step (3). In step (4) 2 ) as the backup beam combination since the LOS path between the first subarray at the transmitter and the second subarray at the receiver is dominated, and the LOS path between the second subarray at the transmitter and the first subarray at the receiver is dominated. Therefore, we can obtain 2 N RF t +N RF t !−2 backup beam combinations in step (4). In step (5), the algorithm monitors the channel capacity, and when the channel capacity under original beam combination decrease to a certain extent, the algorithm executes the beam switching operation. The system switches from the original beam combination to the backup beam combination with the largest capacity. The original beam combination is added to the backup beam combination set, and when the blockage is relieved, the system switches back to the original beam combination.
VI. PERFORMANCE EVALUATION
In this section, we evaluate the performance of our beam selection scheme in realistic indoor environments.
A. SIMULATION SETUP
Our numerical results are for a 2×2 mmWave MIMO system based on hybrid beamforming. In this system, the transmitter and receiver are equipped with two uniform linear arrays (ULAs) respectively. 8-element ULA is used in the simulation and each ULA adopts the same beamforming codebook in IEEE 802.15.3c [4] . The number of beams per ULA is given by K = 16 [4] . The spacings between ULAs of transmitter and receiver are given by d t = 10 cm and d r = 20 cm, respectively. The spacings are typical settings for a laptop and a high definition television (HDTV). The spacing between antenna elements is given by λ/2, where λ = 5 mm is the operating wavelength, with a corresponding carrier frequency of 60 GHz.
The propagation environment, shown in Fig. 3 , is an indoor space of dimensions 10m × 8m. Due to the specular nature of mmWave reflection, we model the environment using the method of geometrical optics [9] . We assume the LOS path from transmitter to receiver and the single-bounce reflected paths off the side walls and ceiling contribute to the channel matrix. Higher order reflections are disregarded due to additional path losses and reflection losses, as well as the directivity of the antenna subarrays. We construct the channel matrix H from the channel matrix between each pair of subarrays at the transmitter and receiver. We denote the channel matrix between the first subarray at the transmitter and the first subarray at the receiver by H 11 . Similarly, for a 2 × 2 mmWave MIMO system, we can obtain the channel matrix between other pairs of subarrays at the transmitter and receiver, H 12 , H 21 , and H 22 . Then we can obtain the channel 
matrix H by
Then we construct each submatrix H ij with i, j ∈ {1, 2} by one LOS path and four first-order reflected paths, as shown in Fig. 3 . For example, H 11 can be expressed as
For simplicity, we omit the subscript ''11'' in 16. H LOS is the LOS component, and {H R,k } are four first-order reflected path components. We denote the LOS path by path 1, and the reflected paths are denoted by path 2, path 3, path 4, and path 5. Furthermore, H 11 can be calculated as [18] 
For the LOS path (path 1),
where N 1 t and N 1 r are the number of antenna elements at the first transmit antenna subarray and first receive antenna subarray, respectively. d (1) is the distance between the first transmit antenna subarray and first receive antenna subarray along path 1. λ c is the carrier wavelength, and a 1 = λ c 4πd (1) is the attenuation of path 1.
For the reflected paths (path 2-5),
where d (i) is the distance between the first transmit antenna subarray and first receive antenna subarray along path i.a i = λ c 4πd (i) is the attenuation of path i. β i is the additional signal attenuation due to reflection. In the simulation, we assume a signal attenuation of 6 dB for first-order reflection [19] . VOLUME 5, 2017 In eq. (17), e t (w ti ) and e r (w ri ) are, respectively, the transmitted and received unit spatial signatures along the directions w ti and w ri . w ti = cos ϕ ti and w ri = cos ϕ ri , where the path i makes an azimuth angle of ϕ ti with the transmit antenna subarray, and makes an azimuth angle of ϕ ri with the receive antenna subarray. A * is the conjugate transpose of A.
Concretely, e t (w ti ) can be expressed as
. . .
where t is the normalized transmit antenna separation, and equal to 1/2 in the simulation. Similarly, we can obtain e r (w ri ) as
where r is the normalized receive antenna separation, and equal to 1/2 in the simulation. The noise power at receiver is given by N 0 = k B TBF, where k B is the Boltzmann constant, T = 300 K is the temperature of simulation, B = 2.16 GHz is the bandwidth, and F = 10 dB is the noise figure. In the simulation, we assume the transmitter's position is given by coordinates (2 m, 4 m), and the receiver is randomly located in the indoor space. The simulation results are averaged over ten random receiver coordinates. Due to the weak diffraction ability of mmWave links, mmWave links are vulnerable to blockage by furniture and human [20] . Thus, we consider two cases in the simulation, the LOS path not blocked and the LOS path blocked.
Since our scheme has two kinds of beam selection criterions as in Algorithm 1, we denote the criterion of the sum of square of moduli of elements in H eff by Beam Selection Algorithm-Q 1 , and the criterion of the sum of moduli of elements by Beam Selection Algorithm-Q 2 . In the simulation, we evaluate the performance of our scheme by spectral efficiency, in the unit of bit/s/Hz.
To investigate the performance of the beam switching scheme, we also set human blockage process in the simulation. In the scenario of indoor communications at 60GHz, t decay of the human body shadowing model is about 93ms, and t B is about 580ms [21] . The maximum power loss L s is about 25dB. The linear increase slope r + is the same as the linear decrease slope r − . The probability of blockage for each path in each second is set to 0.2. The transmitter and receiver move at the 2-dimensional Brownian movement with a velocity of 2m/s. The transmission power is 10dBm. When the channel capacity decreases to 95% of original capacity due to blockage, system switches to a backup beam combination by the beam switching algorithm. When the beam switching fails, and the channel capacity decreases to 70% of original capacity, system executes the beam selection algorithm to reselect beam combination.
In the simulation, we compare our beam switching scheme with the beam tracking strategy in IEEE 802.11ad, where beams nearby the currently adopted beams are tracked.
B. RESULTS ANALYSIS
In Fig. 4 , we plot the performance comparison of our scheme and the optimal beam selection under different total maximal transmission power, where the candidate beam combination number m is equal to 1. From the curves, we can observe that our scheme achieves the same performance as the optimal beam selection when the total transmission power is low, no matter the LOS path is blocked or not. Due to blockage of the LOS path, the spectral efficiency is lower compared with the LOS path unblocked case. With the increase of total transmission power, spectral efficiency increases. We can observe that the gap between optimal beam selection and our scheme is stable, and the gap between Q 1 criterion and Q 2 criterion is negligible. Thus, we can implement the Q 2 criterion to reduce complexity further. When P T is equal to 30 dBm, the gap between our scheme and the optimal beam selection is about 4.3% of the spectral efficiency of the optimal beam selection in the LOS path unblocked case. To investigate the performance of our scheme under different candidate beam combination number m, we also plot the performance comparison of our scheme and the optimal beam selection with m = 3 and m = 5, respectively in Fig. 5 and Fig. 6 . From the results, we can observe that the gap becomes smaller compared with the results under m = 1, which is consistent with the intuition. When there are more candidates, there is larger probability to select the optimal beam combination in the end. We can also observe that the gap between the results under m = 3 and m = 5 is negligible. For example, when P T is equal to 30 dBm, the gap between our scheme under m = 3 and m = 5 is only about 0.14% of the spectral efficiency under m = 5. Therefore, our scheme is able to achieve good enough performance with a small value of m, and the complexity can be significantly reduced.
In Fig. 7, Fig. 8 , and Fig. 9 , we plot the channel capacity comparison between the beam tracking strategy in IEEE 802.11ad and our proposed beam switching scheme. N d in the beam switching scheme is equal to 1, 2, and 3, respectively. N d = 1 means the original beam and beams on the left and right are deleted, i.e., three beams are deleted. Similarly, N d = 2 and N d = 3 means five and seven beams are deleted, respectively. From the results, we can observe that when blockage occurs, there will be link outage for beam tracking strategy in IEEE 802.11ad. Due to the beam switching operation in our scheme, link outage does not happen. Although higher channel capacity may be achieved after beam training in IEEE 802.11ad, link outage cannot be avoided during beam training. After blockage is relieved, original channel capacity cannot be achieved in IEEE 802.11ad since beam training will not be started. In our beam switching scheme, however, system will switch back to original beam combination after blockage is relieved, and higher channel capacity can be achieved. In Fig. 10, Fig. 11, and Fig. 12 , we plot the channel capacity comparison with two LOS paths blocked. By beam training after blockage, higher channel capacity can be achieved in IEEE 802.11ad. However, there is link outage during beam training. Our scheme ensures the link connectivity via beam switching operation, and when blockage is relieved, system switches back to original beam combination for higher channel capacity.
In a word, our beam switching scheme ensures link connectivity via beam switching, and can achieve higher channel capacity after blockage is relieved.
VII. CONCLUSION
In this paper, we study the problem of analog beam selection and anti-blockage in the millimeter wave MIMO system. After formulating the optimal analog beam selection problem, we propose a low complexity beam selection scheme to achieve near-optimal spectral efficiency. The core of our scheme is the beam selection criterion, which is derived from capacity analysis. Furthermore, we propose a beam switching algorithm to ensure the robustness when blockage occurs. Performance evaluation results in typical indoor environment demonstrate the near-optimal performance of the beam selection algorithm in both LOS path blocked and unblocked case. Besides, our beam switching algorithm is able to ensure robustness when blockage occurs and higher channel capacity can be achieved after blockage is relieved. 
